carbon catabolite repression. Negative regulation by acetate is prevented by a loss-of-function mutation in the gene encoding acetyl-CoA synthetase, strongly suggesting that this regulation is mediated by the intracellular pool of acetyl-CoA.
The last step in the biosynthetic pathway of penicillin G (benzylpenicillin) and penicillin V (phenoxymethylpenicillin) in the filamentous fungi Penicillium chrysogenum and Aspergillus nidulans involves at least three different reactions: (i ) uptake of aromatic compounds to be incorporated as the penicillin-side chain; (i i ) act i vat i on of these molecules to CoAthioesters and (iii) exchange of the L-a-aminoadipic moiety present in the isopenicillin N (IPN) molecule by phenylacetic (penicillin G) or phenoxyacetic (penicillin V) acids ( Fig. 1)1>2 ). It was believed that these aromatic compounds are only incorporated into the cell through a passive diffusion mechanism3). However, we have demonstrated the existence of an active and inducible transport system responsible for the uptake ofPhAc in P. chrysogenum*"â nd, more recently, in the bacterium Pseudomonas putida7).
Some years later, Hillenga et al.8) proposed the existence in P. chrysogenum of a passive diffusion mechanismresponsable for the cellular incorporation of this aromatic compound, whereas Eriksen et al.9\ in the same fungus, showed the existence of an uptake system which has saturating kinetics as we had been reported. Although it is generally accepted that some aromatic compounds,containing a short acyl-chain, could cross the lipid bilayer to a certain extents by passive diffusion4'8~10), this incorporation is not enough to assure cellular growth and, therefore, permeases should 45 be needed for optimal growth in natural environments1 1}. The importance of the PhAc-transport system in the biosynthesis of certain hydrophobic penicillins together with the knowledge of the mechanisms controlling the uptake of this aromatic acid seemed to be very interesting in order to obtain further information about the regulation of secondary metabolites in fungi. Wewere therefore prompted to broaden our study to include A. nidulans. This fungus was selected as a model for three different reasons: a) Unlike P. chrysogenum, A. nidulans has a sexual cycle, which would facilitate genetic analysis; b) A. nidulans is able to grow in minimal medium containing PhAcas the sole carbon source even when the pH of the medium was 8.5 (suggesting the existence of a phenylacetic acid transport system) and c) A. nidulans, like P. chrysogenum, is able to synthesize penicillin G and V. In summary, the study of the PhAc transport system in this fungus could be useful to clarify the implications of creA gene in the carbon catabolic regulation of this uptake, a point which remains obscure in P. chrysogenum and is one of the objectives of this work.
Materials and Methods

Materials
Phenyl derivatives were obtained from Aldrich Quimica (Madrid, Spain), Lancaster Synthesis Ltd. Phenylacetyl-CoA was also evaluated by HPLCas reported previously7). In cell-free extracts we identified a single labelled compound with the retention time of phenylacetic acid. However, we neither found labelled hydroxy-derivatives of PhAc nor radioactive phenylacetyl-CoA.
PhAc-uptake in A. nidulans Mycelia grown in the above media and conditions were harvested at the required time, filtered under vacuum and washed three times with sterile distilled water.
Aliquots of35 mg (wet weight) (about 10 mg of dry weight and equivalent to 2.5mg of protein) were resuspended To study the eflux of PhAc, the fungus was incubated in the presence of labelled PhAc for 5 minutes and at this time mycelia were harvested, washed and resuspendedin the samebuffer without PhAc. Measurements of the residual radioactivity were carried out for different times (between 0 and 30 minutes).
PhAc-transport System Induction Experiments
A. nidulans was cultured in the above mediumand conditions and when glucose was exhausted (14 hours), mycelia were starved for a further 2 hours and then 5 niM PhAc (or 5mMPhOAc) was added. The appearance of the PhActransport system was measured at 90 minutes intervals. The effect of different molecules on the induction of this transport system was analyzed by adding the required compound to the minimal medium. In this kind of experiment, A. nidulans was grown in 2 liter-Erlenmeyer flasks containing 400ml of the same medium(see above). Whenglucose was exhausted, cells were harvested, washed, and 0.5g of wet mycelia were transferred to 250 ml-Erlenmeyer flasks containing 50 ml ofMMand incubated at 37°C for 2 hours. At this time, PhAc (or other inducers) as well as different carbon sources were added. In all cases, the quantity of effector was equivalent, in carbon concentration, to 5 mMglucose.
Results and Discussion Phenylacetic Acid Transport System of Aspergillus nidulans Addition of 5 mMPhAc to A. nidulans cultures starved ofa carbon source elicited a strong uptake ofPhAc {Fig. 2). In cultures containing a mixture of glucose and PhAc, PhAcwas not taken up until glucose had been exhausted, indicating that the sugar prevents induction of this uptake system. Wetherefore madecultures under controlled conditions in which glucose exhaustion would occur at 14 hours after inoculation and routinely induced the PhAc transport system by adding 5mMPhAc after 16 hours of growth (see Fig. 2 ). Under these conditions and whenPhAcwas used as the carbon source, uptake was very efficient as shown by the resulting increase in mycelial dry weight (Fig. 2) . The phenylacetic acid transport system thus induced was also able to transport PhOAc, although with lower efficiency (20%) than for PhAc (see Fig. 2 ). Maximal uptake rates were observed in 50mMphos-phate buffer, pH 7.0 at 37°C. Under these conditions, the Km values were 74fiM for PhAc and 425//m for PhOAc (see Fig. 3 ). At pH values lower than 5.5, a passive influx was observed in non-induced mycelia (see Fig. 3a PhOAcalso induced a PhAc uptake system (see below), although in this case the uptake rates were lower (see Table 2 ). The similar properties of PhAc uptake elicited by both of these aromatic compounds (see below) strongly suggests that both induce the same transport system, even though PhOAc cannot be utilised by the fungus as a carbon source and therefore represents a gratuitous inducer. All compounds were tested at 2.5 him.
Induction Specificity A. nidulans was grown in glucose minimal medium until the sugar had been exhausted, and then mycelia were washed and transferred to several media containing different aromatic compounds to test their ability to induce the PhAc uptake system. The highest levels of induction were obtained with PhAc, 3-and 4-methylPhAc and 4-hydroxy-PhAc (Table 2) . Several Cl-and methyl-derivatives were also able to induce uptake to different extents although they were not metabolised (Table 2) . Interestingly, neither phenylpropionate (or hydroxy-derivatives) nor phenylbutyrate, which are used by the fungus as carbon sources, were able to induce the system, indicating a strong specificity for the acetyl moiety of PhAc. Conversely, however, 4-phenylbutyrate strongly induced the P. chrysogenum PhAc uptake system5).
It is worth noting that Phe or Tyr did not act as inducers of the PheAc transport system ( Table 2 ), suggesting that the physiological role of this uptake is not to transport the structurally-related aromatic amino acids. Indeed, a mutation (fpa Dll, see Table 1) preventing Phe uptake15) has no effect on the induction of PhAc transport system, and Phe or Tyr are not recognised by this uptake system (see below).
To test the ability of this PhAc uptake system to recognize different compounds, we used PhAc-inducedmycelia in competition experiments with 14C-PhAcand an excess of the relevant compound. All effectors were tested at 2.5 him. 49 uptake system is mediated by a protein and does not correspond to a passive diffusion mechanism8), the uptake system is highly specific for PhAc. The highest inhibitions were observed with 3-phenylpropionic acid, 3-methyl PhAc, and 3(4-hydroxy)phenylpropionic acid.
Interestingly, neither Phe nor Tyr were able to compete with PhAc uptake (Table 4 ). This was also the case for a number of amino acids, sugars (glucose, fructose, sucrose, lactose), glycerol and acids (acetic, lactic and TCAintermediates), with the exception of xylose, which competed with PhAc to a significant extent (61 %) ( The effects caused by different monothiols (MSH, GSH) and dithiols (DTT, GSSG) on the PhAc transport system were studied (see Table 5 ). Noneof them had any significant effect on the rate of transport, suggesting that an extracellular environment containing reduced thiols might not be necessary for the uptake of PhAc16).
However, the thiol-modifying reagents Af-ethylmaleimide (NEM), 5,5'-dithiobis nitrobenzoic acid (DTNB) and iodoacetate inhibited PhAc uptake (51, 70 and 65%, respectively).
These data indicate that reduced thiol groups are essential for the catalytic function of this transport system4'7'17'18*.
When metabolic inhibitors
were tested, we observed that cyanide and azide decreased the uptake of PhAc (65 and 84%, respectively) and that uptake was also inhibited when uncoupling agents (protonophores), such as carbonylcyanide-/?-trifluoromethoxyphenylhydrazone (FCCP) (83%), 2,4-dinitrophenol (68%) and 4-nitrophenol (73%) were tested.
These results suggest that the PhActransport system is an energy-dependent system probably mediated by a H + All compounds were tested at 2.5him or at the concentration indicated between bracketts. JAN. 1997 Additional proof that PhAc-transport is an active process arose from the study of the [l-14C]PhAc efrux (see Materials). No efflux of labelled PhAcwas observed even after 30 minutes of incubation. It could be expected that [l-14C]PhAc,which was detected as free acid inside the cells (see Materials), would be released to the medium if uptake were mediated by passive diffusion.
Regulation by Carbon Sources of Induction of PhAc Uptake Addition of D-glucose, D-fructose, D-xylose, L-fructose or glycerol at the time of PhAc induction prevented the appearance of the PhActransport system, while addition of pyruvate, oxaloacetate or citrate had no effect on induction (Fig. 4) . As indicated above, the fact that the addition of phenylacetate before glucose had been exhausted from the cultures did not result in induction of the PhAc transport system, suggested that induction might be regulated by carbon catabolite repression20). However, the fact that glycerol (a derepressing carbon source in creA-mediated carbon catabolite repression) prevented induction, suggested the existence of a creAindependent mode of carbon regulation. A similar effect ofglycerol has been described in P. chrysogenum for both PhAc transport and penicillin biosynthesis21}. In A.
nidulans, Espeso and coworkers have shownthe existence of a creA-independent mechanism that negatively regulates the transcription of IpnA, a penicillin biosynthetic gene22). This negative regulatory circuit, is also independent of creB and creC, two genes possibly encoding membraneproteins, whose mutation results in carbon catabolite derepression of several enzymeswhich are under catabolic repression in the wild type23?24). PhAc uptake is given as nmol/minute/lOmg dry weight. Mutants creAd 30, creB 15 and creC 27 are strains of A. nidulans altered in catabolic repression (derepressed).
It has been suggested that the creB\5 and creCll gene products are not true transcriptional repressors and that mutants carrying this kind of mutation could be altered in membrane permeability and hence in different transport systems. If this were the case, the uptake of the molecule responsible for catabolic repression could be diminished and, therefore, not effect could be caused since the repressor cannot be taken-up25). However, no alterations in glucose uptake have been found in these mutants23~26).
Moreover, we did not observe any significant differences in mycelia growth when the fungus was cultured in the presence of glucose and neither were alterations observed in glucose uptake (in a concentration range between lljum and lmM) or in PhAc transport (data not shown). Table 6 indicates that the repression of the PhAc uptake is not mediated by the ereA gene product, since the derepressed mutant (creAd 30) can be regulated, like the wild type, by glucose and glycerol, suggesting the involvement of a different gene (creB or creC) in the control of this system. Thus, mutants creB and creC are able to induce PATSeven in the presence of a concentration of glucose which repressed the induction of the transport system in the wild type and in creAd 30 mutant (see Table 6 ). A similar hypothesis was proposed, in pioneering work, by Hynes and Kelly studying pleiotropic mutants of A. nidulans altered in carbon metabolism24).
Acetate strongly repressed PhAc uptake (see Fig. 4) . A negative role of acetyl-CoA on sugar transport has been previously described by Romano and Kornberg27), and indeed we have previously presented evidence pointing to the repression ofPhAc uptake by acetyl-CoA in P. chrysogenum28). If the negative effect of acetate were indeed mediated through acetyl-CoA, the absence of acetyl-CoA synthetase would prevent this effect. Table   7 shows that this is in fact the case. The addition of acetate abolished PhAc induction with the wild type strain, but had no effect with afacA 303-mutant strain (see Table 1 ) lacking in acetyl-CoA-synthetase29 '30) . This strain is not a defective transport mutant since acetate is able to induce certain enzymes involved in it own catabolism (isocitrate lyase, acetamidase and other related enzymes) suggesting that it is taken up by the cells31}. In this mutant, acetate is able to induce enzymes which are specifically produced in presence of acetate (like isocitrate lyase)29) but it is unable to synthesize those enzymes induced by acetyl-CoA31). The mutation had no effect when glucose, glycerol or hexanoate were added instead since their conversion to acetyl-CoA does not require acetyl-CoA synthetase. These results support our hypothesis that transition from primary (growth) to secondary metabolism (penicillin production and other events) could be mediated by either the intracellular pool of acetyl-CoA or by the acetyl-CoA/CoA ratio in these two fungi1 '28) .
